In order to estimate the light-duty vehicle fuel economy at high-altitude areas, the coast-down tests of a passenger car on level road were conducted at different elevations, and the coast-down resistance coefficients were calculated. Furthermore, a fuel economy model for a light-duty vehicle adopting backward simulation method was developed, and it mainly consists of vehicle dynamic model, internal combustion engine model, transmission model, and differential model. The internal combustion engine model consists of the brake-specific fuel consumption maps as functions of engine torque and engine speed, and the brake-specific fuel consumption map near sea level was constructed based on engine experimental data, and the brake-specific fuel consumption maps at high altitudes were calculated by GT-Power Modeling of the internal combustion engine. The fuel consumption rate was calculated from the brake-specific fuel consumption maps and brake power and used to calculate the fuel economy of the light-duty vehicle. The model predicted fuel consumption data met well with the test results, and the model prediction errors are within 5%.
Introduction
Vehicle fuel economy and emissions are influenced by many parameters, including vehicle-related factors such as model, make, mass, size, fuel type, technology level, and mileage, 1 and operating factors such as speed, acceleration, deceleration, gear shift, road gradient, and ambient conditions including headwind, ambient pressure and temperature, and so on. 2 Among the ambient conditions, the altitude has significant influence on the vehicle fuel consumption and emissions, and it is crucial to clarify that there are significant discrepancies between the type approval test conditions and high-altitude driving conditions. Plenty of studies investigate the diesel engine performance under high-altitude conditions using an atmosphere simulating device, which varies the intake and exhaust pressures in order to simulate the high-altitude environment. Compared to vehicles operation at sea level, diesel engines running under high-altitude conditions produce more CO, HC, and PM emissions 3, 4 and increased smoke opacity. 5 As for NOx, it was insensible to the variation of altitude in some studies. Due to the decrease in the air pressure and oxygen density with the increasing altitudes, the diesel engine combustion deteriorates and results in decreased thermal efficiency, reduced power output, and increased fuel consumption, [6] [7] [8] [9] [10] especially in comparison with the engine operation at near sea level.
Zervas
11 studies the impact of high altitude on the fuel consumption of a gasoline passenger car. The tests were performed using an altimetric test bench located at an altitude of 70 m by decreasing atmospheric pressure to simulate high altitude. The fuel consumption of a Renault Clio car equipped with a Euro 3 gasoline engine were tested at the altitude of 70 and 2200 m. He studied the impact of high altitude on the fuel consumption of the gasoline passenger car over three regulated driving cycles and concluded that the impact of higher altitude is not evident. This conclusion was drawn based on the experimental results at two altitudes of 70 and 2200 m. More work need to be done to clarify the impact of higher altitude on vehicle fuel consumption.
In recent years, on-vehicle emission measurement systems are widely used. Wang et al. 12 studied the effects of altitude on the thermal efficiency and emission characteristics of a Euro 3 diesel engine using a mobile engine test bench and a portable emission measurement system (PEMS), and found that the engine thermal efficiency decreased and the emission of CO, HC, and particulate matter (PM) increased with altitude. Ramos et al. 13 studied the effect of altitude on emissions from a light-duty vehicle under real-world driving conditions and found that NOx emissions increased with altitude.
Although the engine performance will deteriorate at high-altitude areas, the vehicle driving resistance will also decrease due to decreased air pressure and density with the increase in the altitude. The comprehensive effects of these two factors on the vehicle fuel consumption characteristics need to be further investigated. And, the road load resistance of the light-duty vehicle on a real driving road must be accurately measured.
In fact, the engine performances of new passenger cars are usually tuned and calibrated at the sea level. However, plenty of vehicles are used at high-altitude areas rather than near the sea level, for example, in China, nearly 65% of total territories are high-altitude regions over 1000 m above sea level and 33% of area are 2000 m higher than sea level. The total registered population of vehicles in some high-altitude provinces including Yunnan, Qinghai, and Tibet accounts for 20% of the total number of vehicles in China.
14 Therefore, it is very important to investigate the impact of altitude on vehicle fuel consumption and emissions. However, few studies were conducted on the vehicle driving resistance and fuel consumption by experiment at high-altitude regions.
In this article, the coast-down tests of a passenger car on the actual road were conducted at different altitudes, and the road resistance and fuel consumption of the vehicle were measured. Based on the experimental results, a vehicle fuel economy model was developed to simulate the vehicle fuel consumption at different altitudes, and validated by the experimental results.
Experimental section
In the automotive industry, the vehicle driving resistance is usually tested and confirmed by the coast-down test, which fulfills the measurement of vehicle road load on a dry, straight, level road at speeds less than 130 km/h. The SAE Recommended Practices 15, 16 provide the uniform testing procedures for measuring the road load force on a vehicle as a function of vehicle velocity. In this article, the coast-down tests of a passenger car on the actual road were conducted at different altitudes, the coast-down tests were performed in both directions and repeated many times to reduce tolerances which were caused by road gradient and effects of wind direction.
In practice, the total coast-down resistance of the vehicle on real road is generally expressed as a secondorder fit that includes a term that is linear in vehicle speed
where F res is the coast-down resistance force; f 0 , f 1 , and f 2 are the on-road coast-down coefficients. In theory, f 1 should be zero, but in practice, it is more often non-zero due to the characteristics of the tires.
Test vehicle
The test vehicle was a passenger car made by Volkswagen Company. Its mechanical specifications are given in Table 1 .
Testing equipments
Testing equipments used in the vehicle coast-down tests are listed in Table 2 .
The Oregon 550 GPS receiver receives the vehicle geographical location information from satellites and performs the necessary calculations to determine the vehicle current position, speed, and heading. These data are used to calculate the altitude, vehicle speed, and road gradient. Flowtronic 206-207 is an automatic road testing instruments made by Switzerland QUICKLY AG Company. In this research, Flowtronic 206-207 was used to measure and record vehicle speed and acceleration. And, the Flowtronic 4705 high-resolution fuel flow meter was used for the vehicle's fuel consumption testing.
The PH-1 automatic weather station is used to measure the relative wind speed and wind direction relative to the direction of vehicle travel, and also used to measure the atmospheric temperature, humidity, and barometric pressure.
The TRM-QA barometric pressure monitor is utilized to measure the barometric pressure, atmospheric temperature, and altitude. By calculating the derivative of altitude with respect to the distance traveled, the road gradient could be calculated.
The Schrader tire pressure monitoring system is used to monitor the tire Pressure and temperature.
Coast-down test
The goal of coast-down test is to determine the road load force of a passenger car at different altitudes.
The testing was performed on long flat and straight asphalt roads at different altitudes. It was important to perform the testing in both directions in order to eliminate the effects of the grade and wind. Based on SAE Standards J1263 15 and J2263, 16 the test vehicle was fully warmed before each test, and the measurement instruments were also pre-warmed and calibrated before testing.
The ambient temperature and altitude of each test sites are recorded and listed in Table 3 .
For each testing, the car was speeded up to 130 km/ h on the test track and then testing was conducted with the transmission in neutral. Knowing the vehicle direction, wind speed, and wind direction, wind-related aerodynamic drag forces can be filtered out of the raw deceleration data.
The vehicle coast-down resistances were calculated using a numerical method of linear least square regression to calculate the constants in function 1. As shown in Figure 1 , the x-axis is on the square scale. The intercept of the line represents the rolling resistance, and the slope stands for the aerodynamic drag coefficient. Based on the regression functions, the constants of five regression functions are nearly equal and show that the rolling resistance is almost not influenced by altitude, while the different slopes show that the aerodynamic drag force is evidently influenced by altitude due to the variation of air pressure and density with the elevation.
Vehicle fuel economy model
The air pressure and density decrease at high-altitude areas, and will significantly influence the vehicle driving resistance and the engine performance. It was very difficult in performing experiments to test vehicle driving resistance at high-altitude areas, because it was hard to find a level road long enough to carry out the vehicle coast-down test, and the experiment was complicated, expensive, and time-consuming. The complicated characteristics of vehicle performance and the diversity of driving conditions also make it necessary to utilize simulation models to predict or evaluate the vehicle performances, especially for vehicle at high-altitude areas. Based on the experimental results obtained at high-altitude regions, a vehicle fuel economy model was developed to simulate and predict the vehicle fuel economy performance.
The vehicle fuel economy model, as shown in Figure 2 , consists of a vehicle dynamic model, an internal combustion (IC) engine model, a transmission model, a differential model, and driven wheels. The torque and rotating speed from the output shaft of the engine are transmitted to the driven wheels through the gearbox, differential, and drive shaft. The gearbox supplies certain gear ratio from its input shaft to its output shaft for the engine torque speed profile to match the requirements of the load. The final drive is a pair of gears that provide a further speed reduction and distribute the torque to each wheel through the differential. In this research, the inputs to the vehicle fuel economy model are the driving cycle, vehicle coast-down coefficients, vehicle weight, and so on. Some of the model inputs are implicit in the model in order that the user does not have to input them directly. The outputs of the vehicle fuel economy model are vehicle dynamic performance and economic performance.
The motive torque acting on the drive axles can be calculated by multiplying the motive force and drive tire rolling radius. By calling the transmission model and the differential model, the transmission input torque and revolution speed, which are required from the engine output torque and engine revolution speed, can be calculated. Finally, the vehicle dynamic model would call the engine model to calculate the fuel consumption at that second of the driving cycle and calculate the vehicle fuel consumption over the selected driving cycle.
The transmission model includes the gear shift strategy, which determines shift pattern depending on speed and load. The transmission model considers various types of transmissions, including manual and automatic. The gear shift strategy is executed, and the gear ratio will be determined by the transmission input speed and load. The transmission model and the differential model will also calculate power transmission efficiency for each gear ratio.
The IC engine model consists of the brake-specific fuel consumption (BSFC) maps as functions of the engine torque and revolution speed. The BSFC map near sea level was constructed based on engine experimental data, and the BSFC maps at high altitudes were calculated by GT-Power Modeling of the IC engine.
IC engine model
In order to obtain the engine BSFC maps at high altitudes, a GT-Power engine model was established based on the 1.4-T gasoline engine specifications, 17 calibrated and validated by the engine experimental data near sea level. As shown in Figure 3 , the GT-Power engine model composed of the intake and exhaust model, intercooler and supercharging model, cylinder and combustion model, post-processing model, and so on, was used to predict engine performances including power, torque, and fuel consumption. The BSFC maps under high-altitude conditions were calculated by GTPower engine model by setting the ambient atmospheric conditions. Figure 4 shows the dynamic and fuel economy performances of the 1.4-T gasoline engine operating with wide open throttle position at different altitudes. As shown in Figure 4(a) , the maximum torques of the engine over the whole speed range decrease with the increase in the altitude. And, as depicted in Figure 4 (b), with the increase in the power output, the engine fuel economy performances deteriorate with the increase in the altitude.
By utilizing the GT-Power engine model of the 1.4-T gasoline engine, the engine fuel consumption maps at different altitudes were calculated, and showed in Figure 5 .
By comparing the engine fuel consumption maps over the whole engine operation areas at different altitudes, we can see that the engine maximum torque decreases significantly with the increase in the altitude. In the meantime, with the increase in the altitude, the engine fuel economy performance deteriorates, and the area of engine low-fuel-consumption regions decreases with the increase in the altitude.
All the engine fuel consumption maps at different altitudes were all embedded into the IC engine model and used for calculating vehicle fuel consumption.
Vehicle performance simulation method
There are two different methods to predict the fuel consumption over the selected driving cycle: ''forward simulation approach'' and ''backward simulation approach.'' 18, 19 In this article, the backward simulation approach was adopted, as shown in Figure 2 , the vehicle fuel economy model does not require a driver model. The backward simulation approach assumes that the vehicle speed can exactly match the selected driving cycle, so that the engine revolution speed can be directly calculated using vehicle speed, the tire rolling radius, the transmission gear ratio, and the differential gear ratio, and expressed as where n e is the engine revolution speed, i g is the transmission gear ratio, i 0 is the differential gear ratio, V is the instantaneous vehicle speed, and R w is the tire rolling radius. The motive force required to accelerate the vehicle is also calculated directly based on the vehicle speed sequence derived from the driving cycle. The required motive force is then transformed into a required torque by multiplying the motive force and drive tire rolling radius. The coast-down coefficients measured through coast-down test were used to calculate the vehicle road resistance at different altitudes. When the vehicle drives on level road when the wind is negligible, the required engine torque can be calculated by
where T e is the required engine torque; m is vehicle mass; e is ''mass factor,'' which is the equivalent ratio of translational mass of the rotating components (wheels, gears, shafts, etc.) of the powertrain; f 0 , f 1 , and f 2 are the coast-down coefficients; and h t is the efficiency of the driveline from the engine to the driven wheels. During the simulation, the fuel consumption rate is calculated through the engine power and BSFC maps, and will be accumulated for the whole driving cycle. And then, the total amount of fuel consumption will be divided by the vehicle traveled distance to calculate the vehicle fuel consumption per 100 km travel distance.
In the vehicle fuel economy model, the vehicle dynamic model used altitude, engine revolution speed, and engine torque as key parameters to interpolate the engine BSFC maps to calculate the instant fuel consumption rate. Second by second, fuel consumption rate results are accumulated to calculate the total fuel consumption during the whole driving cycle
where Q tot is the total fuel consumption volume in Liter, k is a constant, b e is the instant fuel consumption rate in g/kWh at time t, Dt is the simulation time step, and D is the density of the gasoline fuel.
In the same way, we calculate the vehicle total travel distance by
where S tot is the accumulated vehicle travel distance in km, V t is the vehicle speed at time t, and Dt is the simulation time step. As a result, we can calculate the vehicle fuel consumption per 100 km travel distance by
The vehicle fuel economy simulation program was written in MATLAB. If a second-by-second velocity profile is defined, the instantaneous fuel consumption can be calculated. And, if the average vehicle driving characteristics such as average speed are given, this vehicle fuel economy model can also estimate vehicle fuel economy based on the average vehicle activity parameters. Therefore, the vehicle fuel economy model can be implemented into micro-simulation intelligent transport system (ITS) applications.
Model validation
The vehicle fuel economy model was validated by the vehicle real road fuel consumption test results measured at different altitude areas. The driving cycle used for model validation was chosen from the experimental data collected from the real road driving experiments.
At the previous mentioned four high-altitude places, the vehicle fuel consumption tests were performed at the speed of 50, 60, 80, 90, 100, and 120 km/h respectively, and compared with the vehicle model predicted fuel consumption data at the same speed. The reason why we tested the constant speed vehicle fuel consumption and compared with the predicted ones is to validate and evaluate the vehicle fuel economy model prediction capability at high altitudes and alleviate the affects of other factors.
It is necessary to warm the test vehicle to a hot stabilized state before test. In this research, the test vehicle was driven at a speed greater than 75 km/h for at least 30 min. And, the warming procedure was the same for all the tests.
The Flowtronic 206/207/4705 fuel flow meter was used to measure and record vehicle speed and fuel consumption data. The vehicle fuel consumption test was performed at least three times for each speed to ensure a fuel consumption difference of less than 2% in the three repetitions.
The tested fuel consumption data were compared with the model predicted fuel consumption results, as shown in Table 4 , and Figure 6(a)-(d) shows the comparison of the model predicted fuel consumption and the tested raw data at the altitude of 842, 1520, 2676, and 3030 m, respectively. The results showed that vehicle fuel consumption per 100 km increases with vehicle speed due to the increased driving resistances, no matter how high the altitude of the test sites is. The model predicted fuel consumption data met well with the test results, and the model prediction errors are within 5%. Figure 7 (a)-(f) showed the predicted fuel consumption data and the tested raw data as a function of the altitude under different vehicle speeds. Figure 7 showed that at vehicle speed lower than 80 km/h, the vehicle fuel consumption at high altitude does not change significantly due to the cooperative effect of the degraded engine fuel economy and decreased driving resistance with the increase in the altitude. But when vehicle speed is higher than 80 km/ h, the rapid decreased driving resistance plays a dominant role and the engine load decreased and totally compensates the degraded engine fuel economy, leading to decreased vehicle fuel consumption until the altitude of 2800 m. When the altitude is higher than 2800 m, the engine combustion and fuel economic performance become worse significantly and that leads to increased vehicle fuel consumption despite decreased driving resistance.
Conclusion
In this article, the coast-down tests for a light-duty gasoline vehicle were carried out at different altitudes, and the road load coefficients of the gasoline vehicle were calculated. The vehicle on-road resistive force at high altitude decreases due to the decreased air density and resistance, especially at high vehicle speed. A light-duty vehicle fuel economy model adopting backward simulation method was developed, and it mainly consists of vehicle dynamic model, IC engine model, transmission model, and differential model. The IC engine model consists of BSFC maps as functions of the engine torque and engine speed, and the BSFC maps at different altitudes were calculated by GTPower Modeling of the gasoline engine. The fuel consumption rate was calculated from the BSFC maps and brake power and used to calculate the vehicle fuel economy. The model predicted fuel consumption data met well with the test results, and the model prediction errors are within 5%.
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